The hydraulic properties of soil and their spatial structures are important for understanding soil moisture dynamics, land surface and subsurface hydrology, and contaminant transport. We investigated whether landscape features, including relative position on a slope, contribute to the variability of soil hydraulic properties in a complex terrain of a glacial till material. Using 396 undisturbed soil cores collected along two orthogonal transects, we measured saturated hydraulic conductivity (Ksat) and soil water retention functions at two (15 and 30 cm) depths across a glacial till landscape in central Iowa that encompassed two soil types (Nicollet loam with 1-3% slope on the hilltop position and Clarion loam with 2-5% slope on the shoulder position). The van Genuchten-Mualem model was fitted to the experimental data using the RETC optimization computer code. At the 15 cm depth a statistical comparison indicated significant differences in Ksat, saturated water content (0r), water content at permanent wilting point (0•s,000), and van Genuchten fitting parameters (a and n) between soil types and landscape positions. At the 30 cm depth, 0r, 0•s,000, and residual water content (0r) were found to be significantly different across the soil-slope transition. Available water content (0333_15,000) did not show any significant difference across the soil-slope transition for either depth. No clear directional trend was observed, with some exceptions for Ksat, 0r, and a on specific transect limbs and depths. Drifts in the soil hydraulic parameters due to soil-slope transition were removed using a mean-polishing approach. Geostatistical analyses of these parameters showed several important characteristics including the following: (1) The spatial correlation lengths and semivariogram patterns of the independently measured (or estimated) log e Ksa t and 0• at 30-cm depth matched extremely well; (2) better spatial structures with large correlation lengths were observed for (macro and micro) porosity-related log e Ksat, Os, and log e ot than for texture-related log e 0333_15,000 , log e 015,000, Or, and 1Oge n at 30-cm depth; and (3) a higher nugget effect at 15-cm depth was evident for most soil hydraulic parameters, indicating tillage and other surface disturbances. These novel findings may prove to be critical for modeling and interpreting field-scale or larger-scale soil moisture dynamics, surface and subsurface flow, and solute transport. Gander [1990] , Elsenbeer et al. [1992], and Famiglietti et al.
Introduction
Soil, topography, vegetation, and precipitation interactively govern hydrology and contaminant transport in the land- [1998] reported nearsaturated hydraulic conductivities for four different soil water pressure heads and associated the observed spatial variability with differences in soil tillage practices, growing seasons, and rainfall events. Most studies have focused on addressing (near saturated) preferential flow-transport processes; only a few studies have reported the spatial variability of soil hydraulic properties for the complete soil water tension range (e.g., up to the permanent wilting point, 15,000 cm of H20 ). For example, Mallants et al. [1996] studied the spatial correlation structures of the complete soil water retention range (0-15,000 cm of H20 ) in Bekkevoort, Belgium, for flow transport in a multilayered soil profile. Their study, however, was limited to a small plot with uniform soil and topography. Some of the other better known spatial variability studies of hydraulic properties were conducted by Russo and Bresler [1981] in Bet Dagan, Israel, Gajem et al. [1981] in Marana, Arizona, and Unlu et al. [1990] in Davis, California. As with Mallants et al. [1996] , these studies were limited to uniform soil type and topography.
In general, soils derived from glacial deposits are considered complex and spatially variable. Researchers have concluded that the influence of genesis on various properties of till and diamicton materials occurs primarily as a result of gross differences in depositional environment and that supraglacial deposits are highly variable compared with basal till. Furthermore, they determined that the postdepositional changes in glacial deposits can produce a complex set of effects on the behavior of the till soil. In this paper, we will study the variability of Ksa t and soil water retention properties (0 (h)) across a soil-slope transition in a glacial till material in Iowa. The objectives of this study include (1) measurement of Ksa t and 0 (h equals 10 cm to 15,000 cm H20 ) at a large number of spatial locations for two (15 and 30 cm) depths, (2) optimization of van Genuchten [1980] soil water retention parameters (0s, Or, a, and n), (3) statistical comparison of the measured (Ksat, water content at permanent wilting point 0•s,ooo, and available water content or water-holding capacity 0333-•s,ooo as defined by Cassel and Nielsen [1986] ) or estimated (0 s, Or, a, and n) hydraulic parameters across an existing soil-slope transition, and (4) geostatistical (structural) analysis and modeling of the soil hydraulic parameters across the experimental field.
Materials and Methods
The 
Hydraulic Property Measurement Methods
During the corn planting season we collected undisturbed soil cores (76-mm diameter and 76-mm length) along two orthogonal transects at 66 sampling sites (4.6-m intervals) and two depths (15 cm and 30 cm). The transects were oriented in the NW-SE and NE-SW directions and intersected near the boundary of the Nicollet and Clarion series, with the NW and NE limbs of the transects located in the Nicollet loam and the SW and SE limbs located in the Clarion loam (Figure 1 ). Three soil cores were taken at each site and depth (within a 0.5-m neighborhood) for a total of 396 (3 x 2 x 66) cores. All soil cores were collected using an Uhland sampler with the core center matching the sampling depth and were taken from crop rows to avoid soil compacted by wheel traffic, which has a significantly lower saturated hydraulic conductivity because of reduced total porosity and macroporosity . After discarding a few bad samples, 185 samples for the 15-cm depth and 188 samples for the 30-cm depth were analyzed for saturated hydraulic conductivity (Ksat) using a constant head permeameter in the laboratory [Klute, 1986] . In the interests of time and labor a subset of 134 samples ( Figure 2 ) was randomly chosen for unsaturated hydraulic conductivity and soil water retention measurements between 10 and 15,000 cm of H20 using Tempe cells and pressure plate apparatuses. Measurements were made in eight to 10 tension steps for five different batches (e.g., 15, 35, 49, 129, 320, 1000, 5000, and 15,000 cm of H20 for batch 2). We limited our measurements to a lowest tension of 10 cm of H20 because the soil water retention measurements near saturation were not precise. Soil water retention measurements up to a tension of 500 cm of H20 were made on the entire 76-mm-long soil samples using the multistep outflow approach in Tempe cells, followed by pressure plate measurements on 10-mm-long subsamples at higher tensions [Klute, 1986] . In the relatively wet range (up to 100 cm of H20 ) an average of 24 hours was needed for the soil cores to equilibrate to the imposed soil water tension. For the intermediate to dry range, equilibration time for the soil cores increased to several days or weeks. All laboratory measurements were accomplished within a period of 2 years at the hydraulics and soil physics laboratories of Iowa State University. In this study, we focus on the effect of soil type and landscape position on saturated hydraulic conductivity and soil water retention data. An analysis of the soil water retention and unsaturated conductivity data sets will be presented in the future.
Soil Water Retention Function
Assuming a unimodal pore size distribution, the van Genuchten [1980] The significance of these model parameters, including the advantages and limitations of the Mualem constraint (m = 1 -l/n), were discussed in detail by van Genuchten et al. [1991] . For example, allowing rn and n to vary independently leads to a complicated form of the predictive equation for the unsaturated hydraulic conductivity. However, imposing the restriction rn = 1 -1/n forces the shape and curvature of the retention curve near saturation to have a unique relation with the shape and slope of the curve in the dry range when ah >> 1. While the restriction rn = 1 -1/n limits the flexibility of (1), its effect on the hydraulic conductivity curve is not clear. More analysis and discussion of these and related topics are given by Yates et al. [1992] . We will test some of their hypotheses using our soil water retention and unsaturated hydraulic conductivity data during the future comparative analysis.
Parameter Estimation
We analyzed the steady state soil water retention data, 0 (h), using the RETC optimization software [van Genuchten et al., 1991] . Our soil water retention model contained four independent parameters, i.e., 0r, 0s, a, and n. The model 
where 0i and 0* i are the observed and fitted water contents, respectively, and N is the number of retention data points. The weighting coefficients wi in (3) may be used to assign more or less weight to a single data depending upon a priori information. We used equal (unity) weights (wi) for all data points (i) assuming that all measurement steps have the same amount of uncertainty, reducing the problem to an ordinary least squares fitting problem.
Spatial Analysis
Geostatistics in conjunction with exploratory data analysis [Tukey, 1977] were used to study the spatial structure of the soil hydraulic parameters. On the basis of normality and stationarity assumptions, experimental variograms were the main tools used to explore the spatial structure of these parameters. Because these semivariograms can provide the basis for further geostatistical assessment and can generate spatial fields of soil hydraulic properties, accurate analysis and pretreatment of data are needed before developing semivariograms. The intrinsic hypothesis [Matheron, 1963] and 262] reported that the semivariogram may be directionally dependent and that data can be checked for anisotropy by computing for different ½. Note that for field data, the separation vector (Ih[, ½) would represent a range of values rather than a particular value. Before estimating isotropic and directional semivariograms, stationarity in the means and variances across the soil-slope transition was examined as a prerequisite. Exploratory schemes [Tukey, 1977; Mohanty et al., 1991; Cressie, 1993; are simple yet powerful tools to overcome nonstationarity within the experimental data. Normal probability plots of raw and 1Ogetransformed data were developed to examine the data distribution. Subsequently, a simple mean-polishing scheme was adopted to remove any associated drift in the normalized data sets across the soil-slope transition. Therefore the normalized data set is assumed to follow the relation
makes the following stationarity assumptions for the regionalized variable Z(x): (1) E { Z (x + h) -Z (x) } = 0 for any x and h (in other words, one expects Z(x) to be constant for any x and h in F) and (2)

27(h) = E{[Z(x + h) -Z(x)] 2} for any x and h, where
where Z(x) denotes the normal (raw or 1Oge transformed) regionalized variable at location (x), it(x) is a measure of central tendency, that is, deterministic drift of the variable at location (x), and e (x) is the random component at location (x) normally distributed with zero mean, which satisfies the stationarity condition required for semivariogram estimation. We evaluated the experimental semivariograms by fitting them to theoretical models. Various methods (jackknifing, nonlinear least squares techniques, and fitting by eye) are traditionally used to fit theoretical models to experimental semivariograms. Four isotropic models typically encountered in practice include linear, spherical, exponential, and Gaussian models, each of them defined in terms of nugget variance (Co), sill (structural variance C plus nugget variance Co), and correlation range parameters (Ao) as defined below. For the sake of completeness we briefly describe these theoretical 
Results and Discussion
Exploratory Analysis and Pretreatment of Data
Measured saturated hydraulic conductivities across the soilslope transition (Nicollet loam with 1-3% slope on the hilltop and Clarion loam with 2-5% slope on the shoulder position) are presented in Figure 3 . Ksa t data are the average for three replicates at each grid location. This special treatment for Ksa t was adopted to minimize the effect of any exceptionally high value due to the presence of any open-ended macropore in a sample. No clear directional trend in Ksa t for the two soil-slope combinations is evident in these plots except on the NW-SE transect at 15-cm depth. Mean comparison (at 5% probability level) of Ksa t between Nicollet loam and Clarion loam, however, showed a significant amount of drift (i.e., shift in the mean estimates) across the soil-slope transition for the 15-cm depth (Table 1) . Furthermore, statistical comparison between the two depths indicated significantly higher Ksa t at 30-cm depth than at 15-cm depth for both soil-slope combinations. The higher Ksa t value is consistent with our visual observation of a large number of continuous (open-ended) macropores (root channels and earthworm burrows) in the soil cores collected at 30-cm depth. While small sample volume (76-mm length and 76-mm diameter) is an important factor contributing to the continuity of the macropores at 30-cm depth, tillage, slaking due to precipitation, and other surface disturbances limited the continuity of macropores at 15-cm depth. Furthermore, in a parallel study at the field site, Singh et al. [1991] found that the macropores (worm holes and root channels) were different in size and density at different depths because of differential growth and density of plant roots and earthworm activities. Using automatic image analysis and AUTOCAD techniques, they showed that the total number of macropores was higher below the 30-cm depth than at the 15-cm depth in our no-till field.
All 134 soil water retention functions for both soil-slope combinations were evaluated qualitatively by eye. Although some variations existed, a typical trend in the 0 (h) data was observed for each soil-slope type (Figure 4) . The soil water content near saturation for the Nicollet loam soil was found to be higher than for the Clarion loam soil for several retention tion parameters is reported in Table 2 . For all cases the correlation coefficient between the fitted parameters was lower than the suggested limit (0.90 (M. T. van Genuchten, personal communication, 1999)), indicating no further analysis is necessary with (any) fixed parameter(s). The optimized 0s, 0r, a, and n values are plotted along both the NW-SE and NE-SW transects for the 15-cm and 30-cm depths (Figures 7, 8, and 9) . Interestingly, for all four optimized hydraulic parameters (0s, 0r, a, and n) no significant trend across the two soil-slope combinations was observed except in a few occasions: 0s at the 30-cm depth on the NE-SW transect and a at the 30-cm depth on the NW-SE transect. Classical statistics for these parameters with mean comparison between the soil-slope combinations are given in Table 3 . At the 15 cm depth for 0s, a, and n, statistically significant differences (at 5% probability level) were observed between the Nicollet loam on the hilltop and Clarion loam on the shoulder positions. Furthermore, at the 30-cm depth, statistically significant differences were found only for 0s and Or across the soil-slope transition. Comparison of soil water retention parameters between the two depths showed statistically significant differences for 0s, Or, and a but not for n. All these findings suggest that the pore size distribution varies with the soil-slope combination and depth. Also, note that the (measured) 0•s,ooo and the (optimized) Or, which at times are assumed to be the same in the soil hydrology, showed distinctly different spatial characteristics.
The measured (Ksat, 015,ooo , and 0333-•s,000) and optimized (Os, Or, a, and n) hydraulic parameters were tested for normality using exploratory data analysis techniques (e.g., stemand-leaf plot and normal probability plot) and the Shapiro-Wilk test (SAS Institute, Inc., Cary, North Carolina). For most of the parameters (Ksat, 0•5,000 , 0333_15,000 , or, and n) , normality was better achieved by 1Oge transformation than the raw data, except in few occasions. Only for 0s and Or, was normality better for the raw data than the loge-transformed data. Table  4 summarizes the W statistics for all raw and loge-transformed data. For the sake of brevity, sample stem-and-leaf plots and normal probability plots of the raw and loge-transformed data for (more lognormal) a at 15-cm depth are presented in Figure  10 . Loge transformation squeeze or spread the data set to obtain a more bell-shaped Gaussian curve and yield good results in transforming the nonnormal data sets to nearly normal data sets. All Ksat, 0•5,ooo , 0333_15,000 , O/, and n data were therefore log transformed and these 1Oge ( ) values were used for further analysis. Subsequently, any deterministic drift across the soil-slope transition was removed from the normal(ized) data set using the mean-polishing approach (equation (4)) leaving behind more stationary residuals (e(x)) for structural analysis. The mean polishing of loge-transformed data also concurs with the additive rules of Cressie [1985] that are nec- the SE limb of the orthogonal transects. Anisotropic theoretical models as defined in (6)-(10) were used, and the optimized parameters are shown in Figure 12 along with a sample fit. During the fitting of theoretical models for isotropic (Table 5) and anisotropic (Table 6 ) semivariograms, in few instances, we have listed more than one model to minimize any judgmental error of one model over the other with minor gain in r 2 and/or reduction in RSS. Although somewhat redundant, this information may prove to be useful for designing more efficient sampling schemes for future hydrologic experiments. For example, similar fits with exponential and spherical models will have different correlation ranges and therefore may lend different sampling designs. In sections 3.2.1-3.2.7 we will discuss the spatial structures and suggest possible physical processes/ factors contributing to the spatial variability of individual parameters at the 15-cm and 30-cm depths. 11a and 11b and 12a  and 12b 5,000(1Oge, cm 3 cm -3 contrary, relatively higher nugget variance and smaller structural variance were observed at the 15-cm depth. We suggest that higher disturbances due to agricultural (traffic, tillage, differential root, and worm activities) and hydrologic (precipitation and freezing-thawing) activities at the 15-cm as compared to 30-cm depth contributed to the difference in spatial structures. Anisotropic behavior was observed for both depths with a more pronounced effect at the 30-cm depth. The higher anisotropy at 30-cm depth is related to the underlying depositional process of glacial till, features that have been smeared by environmental influences at the shallower depth. A more indepth discussion of the spatial and depth variability of Ksa t including different measurement techniques is given by Mohanty et al. [1991, 1994] . -holding capacity (0333-xs,ooo) . Waterholding capacity is popularly used in many bucket-type (i.e., water balance) soil hydrologic models. Distinct differences in the spatial structure of 1Oge 0333_15,000 were observed with significant random noise for the two depths (Figures 11c and  lid and 12c and 12d) . Some amount of spherical or cyclic •(cm3/cm3) (g), (i), (k), and (m) 15-cm and (b), (d), (f), (h), (j), (1) , and (n) 30-cm depths. X axis indicates lag distance in meters. Four angles (, = 0 ø, 45 ø, 90 ø, and 135 ø) between pairs were considered with angle of maximum variation (•) equal to 0 ø. pattern is visible in the experimental semivariograms which may be an artifact (with low r 2) because of the limited sample size and data gaps for 0333_15,000 (as described in section 3.1). Also note that 0333_15,000 is the only parameter for which we did not find any deterministic drift related to soil-slope combinations during the preprocessing of data. at permanent wilting point (0•s,ooo) . No spatial structure could be identified for 1Oge 0•S,000 for either of the two depths (Figures lie and 11f and 12e and 12f) . Microheterogeneity and subgrid-scale variability dominated the spatial structure with some amount of directional anisotropy. It is consistent with the physical basis of the 0•s,ooo parameter which is related to the uniform texture of the soil at the field site. Figures 11g and  11h and 12g and 12h) matched closely with the spatial structure of measured rsa t (Figures 11a and lib and 12a and 12b) for both the depths. This finding is somewhat expected based on the traditional definition of the relationship between soil water retention and hydraulic conductivity assuming the unimodal pore size distribution of the van Genuchten-Mualem relationship [van Genuchten, 1980] . More recent studies show evidence of macroporosity in the field soils and limited relationship between the two (gsa t and Os) parameters [Mohanty et al., 1997] . While macropores were observed in this no-tillage field [Singh et al., 1991] , their effect has been smeared out by using average Ksa t (for three replicates) at each grid location.
Saturated hydraulic conductivity (gsat). Structural analyses of log• Ksat, shown in Figures
Water
Water content
Saturated water content (0s). Interestingly, spatial variability for independently optimized Os (
Residual water content (Or)
. As for measured 0•s,ooo, the optimized residual water content (0r) showed limited spatial structure for both depths (Figures 11i and 11j and  12i and 12j) . The limited structure demonstrates the dominance of microheterogeneity in this texture-related soil hydraulic parameter at the field site. In addition, being a fitting parameter with limited data at the lower pressure range, Or was more prone to uncertainties [van Genuchten, 1980]. 3.2.6. The van Genuchten parameter (•). The soil water reterition parameter (1Oge a), inverse of the bubbling pressure, was found to have reasonably good spatial correlation structure for both 15-cm and 30-cm depths (Figures 1 lk and 1 3.2.7. The van Genuchten parameter (n). The shape parameter (log e n) of the van Genuchten-Mualem relationship showed limited spatial structure for either depth (Figures 1 lm  and 11n and 12m and 12n) . This is because n is related to the spread of the pore or particle size distribution (i.e., soil texture) which is more or less uniform (loam) across the field.
By grouping the results for the hydraulic parameters into two broad categories, we suggest that the (macro and micro) porosity-related parameters (log e Ksat, Os, and log e c•) are spatially related with relatively large correlation lengths, whereas the texture-related parameters (1Oge 0333_15,000, 1Oge 0•S,000, Or, and 1Oge n) are dominated by microheterogeneity and subgrid-scale variability at the field site. These intriguing new findings may help with designing and evaluating the effectiveness of process-based hydrologic models using van Genuchten-Mulaem hydraulic relationships versus simplistic water balance models at field scales or larger scales.
Summary and Conclusions
Hydraulic properties were measured on two orthogonal transects at two depths cutting across a soil-slope transition (Nicollet loam with 1-3% slope on the hilltop and Clarion loam with 2-5% slope on the shoulder position) in a glacial till soil in Iowa. Exploratory and geostatistical data analyses were performed to study the spatial variability of the measured (Ksat, 015,ooo , and 0333_15,000 ) or optimized (0s, Or, O•, and n) hydraulic parameters. Results indicated that most of these parameters are significantly different across the soil-slope transition except 0333_15,000. Furthermore, the (macro and micro) porosity-related parameters (log e Ksat, Os, and 1Oge a) are spatially related with relatively large correlation lengths, whereas the texture-related parameters (1Oge 0333_15,000, 1Oge 0•S,000, Or, and 1Oge n) are dominated by microheterogeneity and subgrid-scale variability at the field site. A higher nugget effect at the 15-cm depth in comparison with the 30-cm depth indicates surface disturbances due to agricultural activities. We suggest that a uniform texture (loam) and a pore size distribution developed by long-term (no tillage) agricultural practices in the field are important controlling factors for the spatial variability of different hydraulic parameters. However, further research is necessary to study whether the control for all hydraulic properties (including soil water retention O(h) and unsaturated hydraulic conductivity K(h)) changes at different spatial scales depending on the complexity of terrain, including different soil-slope-vegetation management combinations at a hierarchy of spatial scales. The current results and future findings will be useful for large-scale (e.g., field, basin, watershed, and region) soil moisture variability, land surface hydrologic, and contaminant transport studies.
